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Abstract: Molecular systems designed for the conversion of solar energy offer ideal models in the study of the
kinetics of light-induced electron transfer at surfaces. Due to their high porosity, nanocrystalline oxide semicon-
ductor films allow investigations of interfacial and lateral charge transfer processes that are barely detectable on
flat surfaces. Although it has proven to be very promising, the redox photochemistry of the metal oxide | molecular
monolayer | electrolyte interface is still a largely unexplored scientific domain, offering huge potential for investiga-
tion and exploitation of physical and chemical processes. Carrier trapping and charge transport are also key to
the efficiency of molecular photonic devices. Carrier dynamics and transport in unconventional media are studied
utilizing THz time domain spectroscopy. We summarize here some aspects of the work currently carried out in
these fields as part of our continued effort in the fundamental study of the dynamics of photoinduced electron
transfer processes.
Keywords: Interfacial redox photochemistry ⋅ Kinetics of electron transfer ⋅ Mesoscopic materials ⋅
Terahertz time-domain spectroscopy ⋅ Ultrafast laser spectroscopy
These films constitute a network of nano-
crystalline particles such as titania, niobia
or zinc oxide, sintered together to allow
charge carrier transport to take place. The
pores between the nanoparticles are filled
with an electrolyte or a solid-state organic
hole conductor, forming an interpenetrating
heterojunction of very large contact area.
As electrons can rapidly percolate through
the film, the entire surface-adsorbed molec-
ular layer can be electronically addressed.
Charge transfer events involving adsorbed
molecules can thus be induced through the
nanocrystalline support and recorded as
electrical current.Opticalmonitoring is also
facile as the signals arising from the grafted
molecules are greatly enhanced due to the
huge internal surface area of the junction.
Thus, the nanocrystalline oxide films serve
as an interface between the molecular- and
macroscopicworld providing new opportu-
nities to examine light-induced interfacial
reactions on a molecular scale.
Mesoporous systems recently gained
importance as the basis of new electro-
chemical devices, such as batteries, sen-
sors, and solar cells. In these applications,
results depend strongly upon the properties
of charge transport. Carrier mobility and
dynamics in nanostructured metal oxide
assemblies, amorphous organic hole-trans-
porting media, conjugated polymers and
hybrid systems are ideally studied utiliz-
ing terahertz time-domain (THz-TDS) and
optical pump−THz probe (OPTP) spectros-
copies. A brief introduction to these tech-




Charge injection from the excited state
of a donor molecule into a continuum of
electronic acceptor states in a solid has
significant importance for the fundamental
understanding of the dynamics of electron
transfer (ET) processes. Classical theoreti-
cal treatments of ET and further quantum
mechanical extensions are based on the as-
sumption that the overall ET kinetics are
controlled by the nuclear activation barrier
to achieve electronic resonance between re-
actant and product states. The situation can
be illustrated by an energy scheme (Fig. 1,
left), showing the situation for an ET-reac-
tion between a donor (D) and an acceptor
species (A). In a classical view, the sys-
tem can propagate on the potential energy
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Introduction
The use of molecular species to transduce
or store signals in opto-electronic devices
is becoming one of the most exciting fields
of modern science. Numerous applications
for such systems can be foreseen, ranging
from information storage and imaging to
molecular photovoltaics.[1] One particu-
larly intriguing configuration employs a
mesoscopic film of a semiconductor oxide
as a support for the molecular transducer.
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surface (PES) of the electronic configura-
tion, approximated as one-dimensional
parabola. Energy conservation allows an
electronic transition between the initial en-
counter complex D–A and the final charge
separated state D+A– only at the intersec-
tion of the two PESs,where the electron can
be transferred from D toA.
A fundamentally different situation
for electron transfer is found in dye/semi-
conductor systems. Fig. 1 (right) shows a
schematic of such a system. The acceptor
level in this case is the energetically broad
conduction band of the semiconductor
(SC). As a consequence, the final charge-
separated state energy surface splits up into
a manifold of acceptor parabolas. In this
case, there is no need of an energy match-
ing mechanism via molecular vibrations
and the rate constant for interfacial ET is
essentially independent of nuclear factors.
The only remaining parameter determining
the injection rate is the electronic coupling
matrix element |V|2, representing the elec-
tronic overlap integral between donor and
acceptor states.[2−4]
Recent ultrafast studieshavebeen shown
to occur in the femtosecond to picosecond
time domain.[3,5−10] Time constants for ET
as short as 6 fs[6,7] were found. Charge
transfer times ≤20 fs indicate that the reac-
tions occurs on the same time scale or even
faster than nuclear motion associated with
high-frequency intramolecular vibrations
(upsilontilde >1600 cm–1). The notion that the elec-
tron is transferred to the solid well before
vibrational relaxation of the photoexcited
sensitizer has recently been confirmed in
strong coupling cases by the observation
of the dependence of ET kinetics upon the
excitation photon energy,[4] and that of os-
cillations in the transient absorption signal
due to vibrational wavepacket motion dur-
ing charge transfer.[7]
Because of their successful use in dye-
sensitized solar cells, Ru(ii) polypyridyl
complex dyes adsorbed on nanocrystal-
line TiO2 films are regarded as a model
system for the experimental study of the
ultrafast dynamics of interfacial light-in-
duced electron transfer. Most studies have
reported charge injection kinetics from
cis-RuII(dcbpy)2(NCS)2 (N719) or its pro-
tonated form (N3) to take place with a fast
(sub-100 fs) phase, followed by a slower
(0.7−200 ps) multi-exponential compo-
nent.[8] Recently, we showed that the ob-
served kinetic heterogeneity can actually
result from the aggregation of sensitizer
molecules on the surface.Amonophasic ET
with a rise time shorter than 20 fs is indeed
consistently observed when the formation
of aggregates is prevented and the sensitizer




Charge Recombination and Dye
Regeneration Processes
The fate of the charge separated state
obtained by injection of an electron from
a photosensitizer into the conduction band
of the solid, and the prospect to exploit this
light-induced interfacial charge separation
for practical applications, are essentially
limited by the back electron transfer pro-
cesses that lead to charge recombination.
Fig. 2 schematizes the energetics and dy-
namics of processes that take place after
charge injection from a molecular excited
state to the acceptor levels of a semicon-
ductor. Thermalization and trapping of hot
injected carriers is known to occur typically
with a rate constant kth ≈ 1013 s–1.[11] Re-
verse transfer of a hot electron is therefore
generally prevented. The rate of the elec-
tron recapture, which takes place between
the solid and the oxidized dye species S+
has been observed to be slower by several
orders of magnitude compared to charge
injection rates of efficient sensitizers. In
the N719/TiO2 system, this back electron
transfer process typically occurs on a time
scale of hundreds of µs to ms time scale,
1010 times slower than the initial photoin-
duced charge injection.[3,12] At least two
main reasons can been invoked to explain
such a huge difference:
i) Charge recombination takes place be-
tween discrete energy levels and is me-
diated by vibration energy fluctuations.
Its rate is thus scaled down by nuclear
factors, which do not intervene in the
case of the forward electron transfer
process.
ii) While electron injection is kinetically
near optimum, the high exoergicity of
the back electron transfer can make the
system lie deep in the inverted Marcus
region, where the rate of the charge
transfer process is expected to decrease
with increasing driving force.[3,13]
The slow charge recombination process
can be intercepted by reaction of a reducing
mediator D with the oxidized dye (Eqn. (3),
Fig. 2).The overall efficiency of the light-in-
duced charge separation then depends upon
the kinetic competition between back elec-
tron transfer and dye regeneration process-
es.[14] Photovoltaic cells based on the sensi-
tization of mesoporous titanium dioxide by
Ru(ii) complex dyes in conjunction with the
I3
–/I– redox couple as amediator have proved
very efficient at exploiting this principle.[15]
Fig. 3 shows, as an example, the temporal
evolution of the oxidized state ofN719 com-
plex dye sensitizer initially formed during
the photoinduced electron injection process
and later decaying due to reduction by iodide
or charge recombination.
Recently, solid-state devices have been
described where the liquid electrolyte pres-
ent in the pores of the nanocrystalline oxide
film is replaced by an organic hole-trans-
porting solid medium containing triaryl-
amine donor functions.Contrary to the case
of the oxidation of I– to I3
–, which requires
the transfer of two electrons, the dye regen-
eration process in this case is a single elec-
tron process and is characterized by amuch
faster kinetics.[16]
Fig. 1. Energetic situation for a typical molecular electron transfer in the Marcus theory (left) and the
situation prevailing in the case of a manifold of acceptor states found in the dye-sensitization of a
semiconductor (right)
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Charge Carrier Dynamics and
Transport in Mesoscopic Media
For TiO2-based nanocrystalline dye-
sensitized photovoltaic cells, the conver-
sion efficiency to a large extent is limited
by electron transport through the ox-
ide structure and conduction of positive
charges in the opposite direction via an
electrolyte or a hole-transporting mate-
rial through the pores of the mesoscopic
film.[17] Typical charge hopping and scat-
tering times range from femtoseconds to
picoseconds, depending on the nature, pu-
rity, and temperature of the material. Since
these times correspond to the terahertz
(THz) frequency range, THz time-domain
spectroscopy (THz-TDS) has emerged as
a powerful probe of charge carriers and
their transport processes in condensed
matter. Thismethod provides direct access
to important parameters such as the charge
density and scattering times. By combin-
ing THz-TDS with synchronous optical
excitation, one has optical pump−THz
probe spectroscopy (OPTP) available as
a powerful tool for ultrafast time-resolved
conductivity studies of materials.[18]
5An experimental setup can be built
from an existing femtosecond laser system
to generate and detectTHz pulses, and then
photoexcite a sample and observe the dis-
tortion of the transmitted THz waveform.
A schematic view of such a setup is shown
in Fig. 4: A chirped pulse amplified laser
system provides ~120 fs pulses at a rep-
etition rate of 1 kHz and at a wavelength
of 780 nm. The laser beam illuminates a
ZnTe crystal, generating near single-cycle
terahertz pulses via optical rectification in
this material. The terahertz beam is then
focused by gold mirrors onto the sample,
and the transmitted beam is refocused onto
a second ZnTe crystal constituting the re-
ceiver. A portion of the laser red light is
split off, passed through the receiver crys-
tal and converted to circularly polarized by
a λ/4-plate. Using a polarizing beamsplit-
ter, the two orthogonal components of the
circularly polarized light are then separat-
ed and subtracted using a pair of balanced
diode photodetectors (the net current for
circularly polarized light is zero). The
terahertz beam transmitted by the sample
induces a birefringence in the ZnTe crystal
of the receiver (Pockels effect) which ro-
tates the polarization of the 780 nm beam
such as, after the λ/4-plate, it is elliptically
polarized.The resulting signal provided by
the balanced photodetectors is then mea-
sured by a lock-in amplifier referenced to
the chopper wheel. The receiver is gated
synchronously with the transmitted THz
beam, and by varying the delay line one
can map out the complete time dependent
electric field.
In addition to electronic conduction in
the condensed phase, THz-TDS can probe
long-range crystalline lattice vibrations,
low energy torsion and hydrogen bonding
vibrations. Phonons associated with the
self trapping of photo-generated or injected
carriers (small polarons) are detected and
analyzed in real time, allowing in particu-
lar a detailed study of vibrational coherence
associated with electron transfer processes
at dye-sensitized interfaces.[7]
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Fig. 2. Energetic scheme of interfacial electron transfer processes following charge injection from the
electronic excited state S* of a dye-sensitizer to the conduction band (cb) of a semiconductor (SC).
Typical time frames within which each reaction takes place are indicated for a system constituted of
TiO2 nanoparticles, sensitized by N719 dye, in the presence of a concentrated electrolyte containing
iodide as a donor (D). Numerical figures show that kinetic competition between ET processes leads
to the formation a long-lived charge separated state e–(cb)…D+ with almost unit quantum yield.
Eqn. (1) Photoexcitation:
Eqn. (2) Charge injection:
Eqn. (3) Dye regeneration:
Eqn. (4)(5) Charge recombination:
Fig. 3. Transient absorbance signals recorded upon pulsed laser excitation
of the N719 dye-sensitizer adsorbed on TiO2 mesoscopic films. Optical
signals reflect the appearance anddecayof theoxidized stateS+of thedye.
Data points at the shorter time scale corresponds to the electron injection
process and concomittent formation of theS+ species (Fig. 2, Eqn. (2)). The
decay curve at shorter time scale was obtained in the presence of a liquid
electrolyte containing 0.8M iodide and is indicative of the dye regeneration
reaction (Fig. 2, Eqn. (3)). The decay curve at longer time scale is due to the
back electron transfer (Fig. 2, Eqn. (4)) and was recorded in pure redox-
inactive solvent.Ultrafast transients weremeasured at a probewavelength
of 860 nm, following pumping at 535 nm. Ns-µs data were obtained at
680 nm upon 600 nm pulsed laser excitation.
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Fig. 4. Schematic view of the terahertz time-domain spectroscopy (THz-TDS) experimental setup. An
additional pump beam, either provided by splitting off part of the fundamental red femtosecond laser
ray or by tuning the laser wavelength in an optical parametric amplifier (OPA), allows experiments to
be carried out in an optical pump−terahertz probe (OPTP) configuration.
